A violet blue phosphor was prepared by thermal treatment of HZr 2 (PO 4 ) 3 at 700 • C in a reducing atmosphere and its PL was investigated. The phosphor shows violet blue emissions at around 392 nm when excited by 254 nm UV light. Its absorptivity, internal and external quantum efficiency are found to be 43, 41, and 18%, respectively, at room temperature when excited at 254 nm. Analyses using non-dispersive infrared absorption, X-ray fluorescence, scanning electron microscopy, X-ray photoelectron spectroscopy, and X-ray diffraction suggest that such an emission originates from the formation of hydrogen and oxygen vacancies in the phosphor during the thermal treatment of HZr 2 (PO 4 ) 3 .
Introduction
Hydrogen gas has been widely used as one of the deoxidizing agents to develop various metal oxides with oxygen vacancies and of particular interest is its application for the fabrication of a green phosphor, ZnO [1] [2] [3] [4] [5] [6] [7] [8] .
These studies have inspired us to investigate whether zirconium phosphates including HZr 2 (PO 4 ) 3 will form oxygen and hydrogen vacancies. The proton-type zirconium phosphate HZr 2 (PO 4 ) 3 , which features a Nasicon-type (NZP, NaZr 2 (PO 4 ) 3 ) crystal structure with rhombohedral symmetry consisting of a three-dimensional rigid framework with corner linked ZrO 6 octahedra and PO 4 tetrahedra, has been known to be an effective ion exchanger and to possess high resistance to heat, chemicals, radiation, corrosion, and mechanical shock [9, 10] . Fig. 1(a contain such vacancies and can act as a bright phosphor as expected. The fluorescence was a violet emission at around 392 nm under 254 nm excitation. So far, SiO 2 GeO 2 amorphous films, which contain oxygen vacancies, are known to show a bright PL of violet color [11, 12] . In addition, ZrO 2 :Ti,P blue phosphor, which also consists of oxygen vacancies, has been reported [13] . On the other hand, Ce 3+ -doped Gd 2 SiO 5 [14] and Ce 3+ -doped BaZrSi 2 O 9 [15] are well-known as very bright violet or blue phosphors, which contain extrinsic activators. The proton-type zirconium phosphate presented here is a new type of violet blue phosphor, which has not been reported yet. This kind of phosphor is worth studying for the following reasons: (1) it does not contain extrinsic activators, (2) it is easy to synthesize, (3) it has the potential to outperform existing materials, and (4) it is expected to possess interesting luminescence properties. In this work, more detailed PL properties of this new type of violet blue phosphor are investigated.
Experimental
Crystalline powders of proton-type zirconium phosphate, HZr 2 (PO 4 ) 3 (hereafter abbreviated as HZP), were prepared by thermal decomposition of NH 4 Zr 2 (PO 4 ) 3 at 700 • C for 2 h in air. The as-prepared HZP powder was thermally treated at 700 • C for 2 h in a 300 mL min −1 3%-H 2 (N 2 balance) gas flow to obtain a violet phosphor (here after abbreviated as HZP-r). NH 4 Elemental analyses of H and O were carried out by means of the inert gas melt/non-dispersive infrared (NDIR) method using a simultaneous oxygen/nitrogen/hydrogen analyzer EMGA-930 (HORIBA Ltd.). Contents of Zr and P were determined with an X-ray fluorescence (XRF) spectrometer Simultix 14 (Rigaku Co.).
The obtained violet phosphor was characterized by scanning electron microscopy (SEM) observation, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and fluorescence spectroscopy. The crystal morphology was observed using a field emission SEM with a semi-in-lens JSM-7500F (JEOL Ltd.) at 5 kV. XPS analyses for the electronic states of P2p were carried out with X-ray photoelectron spectroscopy on a Quantera SXM (Physical Electronics, Inc.). An Al-K␣ monochromatized radiation (50 W) was employed as Xray source. The X-ray beam size was a 100 m. XRD data were obtained using an X-ray diffractometer MiniFlex II (Rigaku Co.) with CuK␣ 1 radiation ( = 0.154 nm) and a graphite monochromator. The X-ray generator worked at 30 kV and 15 mA. The scans were performed for 15 min within the 2 range of 10-40 • using a scan step of (2) = 0.005 • . Excitation and emission spectra were measured on a spectrofluorometer FP-6500 (JASCO Co.) with a scan rate of 500 nm min −1 and a step size of 0.1 nm using a 150 W ozone-free Xenon lamp. Quantum efficiency was determined with a Quantaurus-QY absolute PL quantum yield spectrometer C11347-01 (Hamamatsu Photonics K.K.) at an excitation wavelength of 254 nm. The absorptivity (A) was calculated according to the following expression.
Absorptivity = {1 − (excitation light intensity with sample)} (excitation light intensity without sample)
The internal quantum efficiency was measured using an integrating sphere attached to a multi-channel CCD detector and a Xenon lamp as excitation source. The external quantum efficiency was calculated by multiplying absorptivity and internal quantum efficiency. The PL lifetime was measured using a Quantaurus-fluorescence lifetime spectrometer C11367-24 (Hamamatsu Photonics K.K.) at an excitation wavelength of 280 nm and an emission wavelength of 392 nm. Measurements except for the determination of the internal quantum efficiency were conducted at room temperature (RT).
3.
Results and discussion In relation to this, we previously reported that HZr 2 (PO 4 ) 3 absorbs moisture from ambient air to form (H 3 O)Zr 2 (PO 4 ) 3 , which reverts to HZr 2 (PO 4 ) 3 at 205 • C [16] . As for HZP-r, its chemical composition can be calculated to be H 0.80 Zr 2 P 3.22 O 11.90 , suggesting the formation of hydrogen and oxygen vacancies during thermal treatment of HZP at 700 • C in 3% H 2 .
The SEM micrographs of HZP and HZP-r are shown in Fig. 1(b) and (c), respectively. The crystal morphology of HZP and HZP-r is cubic with a side length of approximately 1-3 m. Furthermore, no change in crystal morphology induced by H 2 reduction can be observed. Fig. 2(a) shows the XPS wide spectra of HZP and HZP-r. In these two spectra, peaks attributable to C, O, Zr, and P are observed. Among these detected elements, the P2p XPS spectra were further evaluated in order to investigate the valence state of P ( Fig. 2(b) ). The P2p peaks for HZP and HZP-r are observed at almost identical binding energies of around 133.4 eV and their peak shapes are also similar, suggesting no significant difference in the electronic state of P between HZP and HZP-r. It is presumed that the valence of the P atoms in HZP and HZP-r is +5. Fig. 3 shows the X-ray powder diffraction patterns of HZP-r, HZP, and a sample prepared by thermal treatment of HZPr at 700 • C for 2 h in air. All three XRD patterns are in good agreement with those found in the corresponding ICDD files ((38-4, HZr 2 (PO 4 ) 3 3 , respectively, suggesting that the oxygen vacancies were, to some extent, removed during thermal treatment in air as partial oxidation of HZP-r occurred. Excitation and emission spectra of HZP-r are shown in Fig. 4 . HZP-r can be efficiently excited by UV light of 254 nm, yielding a violet blue emission at around 392 nm. The CIE (x, y) was calculated as (x, y) = (0.188, 0.140). Thus, the HZP-r emission is exactly on the violet blue light emitting area under 254 nm excitation, indicating that the HZP-r is a violet blue phosphor. Absorptivity, internal and external quantum efficiency of the phosphor, HZP-r, at the excitation wavelength of 254 nm are 43, 41, and 18%, respectively. As a comparison, the internal quantum efficiency of Ce 3+ -doped BaZrSi 2 O 9 phosphor, which has a very bright PL at around 432-451 nm, was 92.3% under 340 nm excitation [15] , about double the value of HZP-r. In contrast to HZP-r, HZP exhibited no violet blue emission, and no significant emission was observed for the sample prepared by thermal treatment of HZP-r at 700 • C in air. These different observations suggest that there is a threshold concentration of hydrogen and/or oxygen vacancies above which the emission can be clearly observed. It is plausible that the strong violet blue emission of HZP-r is caused by its hydrogen and oxygen vacancies; elucidation of the emission mechanisms is in progress. In Fig. 4 , the PL decay profile of the phosphor, HZP-r is inserted. It is assumed that the decay is non-exponential and the average PL lifetime was estimated to be 6.4 ns. We believe that the non-exponential decay originates from a continuous distribution of lifetimes due to an inhomogeneity of the PL centers or some exotic recombination processes, such as tunneling recombination. The temperature dependence of the internal quantum efficiency of the phosphor, HZP-r, was investigated in the range between 25 and 163 • C. Temperature quenching is generally observed in phosphors; however, a temperature rise of a device using the phosphors as a constituent material is inevitable due to heat radiation from the high power light emitting diode (LED) and the backlight of the liquid crystal display (LCD). Therefore, phosphors featuring suppressed temperature quenching are required. As shown in Fig. 5 , the efficiency decreases linearly with a rise in temperature and is found to be 20% at 163 • C, which is about half of that obtained at 25 • C. For comparison, the measured PL intensity of Ce 3+ -doped BaZrSi 2 O 9 phosphor at 123 • C retained 44.6% of the value measured at room temperature [15] , which is nearly equal to that of HZP-r.
Conclusions
A was found to be non-exponential and the average PL lifetime was about 6.4 ns. The PL intensity decreased linearly with increasing temperature (163 • C) retaining about 50% of the value measured at 25 • C. It is plausible that the emission is due to the hydrogen and oxygen vacancies in the phosphor. Research on H 2 treatment conditions and hydrogen/oxygen defects observations are in progress in order to further investigate the PL mechanisms.
